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Abstract—Vortices and antivortices are typical non uniform magnetization configurations that can be achieved in spin-torque 
oscillators with in-plane materials. Dynamics of a vortex-antivortex pair, namely vortex dipole, were predicted and already observed. 
In this paper, we present a systematic micromagnetic study on that kind of dynamics in different spin-valves where the current is 
injected through a nano-aperture. Rotation and translation of vortex dipoles and rotation of vortex quadrupoles are shown depending 
on the shape and the size of the spin-valve. The origin of the different behaviors is explained within a micromagnetic framework.   
  
Index Terms—Micromagnetic Modeling, Spin-Torque, Spin-Valves, Vortex, Antivortex, Vortex Dipole.  
 
I. INTRODUCTION 
ON UNIFORM magnetization configurations have been 
found to be the underlying cause of most of the 
phenomena arising in the field of magnetic nanostructures in 
the last years [1], [2], [3], [4], [5], [6], [7], [8]. In the 
spintronic applications scenario [9], [10], [11] non-uniform 
configurations are present not only in the micrometer sized 
sensors [12], or extended nano-contact spin-transfer driven 
oscillators (NC-STOs) [13], [14], but also in spin valves (SVs) 
with dimensions in the range of a hundred nanometers [15]. 
For studying all these devices, full micromagnetic formalism 
is the adequate framework for getting insight in the complex 
non-uniform magnetization dynamics of the nanostructure 
[16], [17], [18]. 
Injection of a direct electrical current through SVs offers the 
possibility to induce microwave steady-state magnetization 
precession by the action of the spin transfer torque [9]. In 
particular, rotational vortex and antivortex motion can be 
excited by a direct spin-polarized current as already 
demonstrated both experimentally and numerically in [19]. 
This soliton-type dynamics of the vortex-antivortex pair 
(vortex dipole) was also predicted by analytical models in the 
case of field induced dynamics [20]. Similar analytical models 
were proposed also for the case of spin transfer torque induced 
vortex dipole dynamics [21]. 
Here we present a more ample full micromagnetic study on 
the vortex dipole soliton dynamics in different kinds of sub-
micrometer SVs where the current is injected through a nano-
aperture of tenths of nanometers. All the features predicted by 
the first analytical models [20], [21] are reported, including 
vortex dipole rotation or translation depending on the shape 
(circular, elliptical, rectangular) and size of the SV and also on 
the field and/or current applied. 
II. MICROMAGNETIC MODEL AND COMPUTATIONAL DETAILS 
We study the spin-transfer-torque induced magnetization 
dynamics in spin-valves due to a non localized current. The 
active part of the spin-valve (see Fig. 1(a)) is composed by 
Py(Ni81Fe29)(5)/Al2O3(3.5)/Cu(8)/Py(20) (thicknesses in nm).  
We have analyzed different realistic geometrical and 
physical parameters, but here we will point our attention on 
three different setups:  
a) Elliptical cross section with axes of 250 nm and 150 
nm and axes of 250 nm and 120 nm; 
b) Circular cross section with diameter of 250 nm; 
c) Rectangular cross section with dimensions 250x150 
nm2 and 500x300 nm2. 
A 40 nm diameter nanoaperture is considered in all the 
devices to enable the localized injection of spin-polarized 
currents into the SV. We will refer to the thinner Py layer as 
the free layer (FL) and to the thicker layer as the pinned layer 
(PL). We will employ a Cartesian system of coordinates in 
which the major axis of the ellipse is the x (axis x) and the in-
plane hard axis is the y (axis y), and we will use the 
convention that positive current corresponds to the flow of 
electrons from the FL to the PL.  
Our results are based on the numerical solution of the 
Landau-Lifshitz-Gilbert-Slonczweski (LLGS) equation: 
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where m = M/Ms is the dimensionless magnetization vector 
(Ms saturation magnetization), heff = Heff/Ms is the effective 
field, and mp is the fixed layer magnetization. g is the 
gyromagnetic splitting factor, γ0 the gyromagnetic ratio, µB the 
Bohr magneton and e the electron charge. JZ (x,y) is the 
current density through the nano-aperture and L the thickness 
of the dynamic layer. The damping parameter is α and ε (ϑ) is 
N
 
 the spin transfer torque efficiency function. The computations 
are performed with our own micromagnetic code, a finite 
differences time domain code, details can be found in [
[18]. For extremely long computational times or largest 
samples, parallelized code GPMagnet [17
optimize computational times. 
Except when specifically indicated, the standard parameters 
used in simulations throughout all the paper were: 
kA/m, α = 0.01, cubic computational cells of 
computational time discretization of 50 fs. 
The contributions included in Heff were: demagnetizing 
field, exchange field (with an exchange constant 
J/m), Oersted field, and external field (
initial state was free and pinned layers aligned along the same 
(+x) direction. The current is considered as uniform below the 
nanoaperture and zero outside. 
III. RESULTS AND DISCUSSION
In the following we will analyze the dynamics of the vortex 
dipole and quadrupole structures: i) vortex dipole rotation, ii) 
vortex dipole translation and iii) vortex quadrupole rotation
i) Vortex dipole rotation. 
As mentioned before, in a previous work [
of the vortex dipole in an elliptical device (250x150 nm
experimentally and by means of micromagnetic simulations
was found. It is useful to remind that such a 
consists of a vortex and an antivortex 
polarities which rotates counterclockwise
centre. Here, we will get a deeper insight in some aspects of 
the vortex rotation in elliptical devices showing how to control 
the rotation frequency by the applied 
geometrical aspects of the device (thickness and aspect ratio).
For the same elliptical section reported in [
present in Fig. 1(b) the current dependence of the
dipole rotation frequency for three different thicknesses
FL. As it is possible to notice, the frequency 
increasing current. In our computations, moreover, the 
increasing of current leads to an increase of the distance 
between the vortex and antivortex cores, d
results, therefore, are in qualitative agreement with analytical 
models [20], [21] where the frequency is inversely 
proportional to dVA. Quantitative comparison with a
models is not possible since these models do not take 
specifically into account the magnetostatic field, although 
some qualitative comments were mentioned in [
of magnetostatic field can be analyzed just by using full 
micromagnetics as shown in our Fig. 
frequency increases with the thickness. For larger thicknesses,
in fact, the demagnetizing energy is lower, allowing a stron
attraction of vortex and antivortex cores. This leads to a more 
contracted vortex dipole, i.e. lower dVA and higher frequency 
rotation. 
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Fig. 1.  (a) Schematics of the device 
shapes as described in the text. (b) 
the current and thickness in the case of elliptical device
Comparison between different devices with H=25mT
 
The magnetostatic field is also varied when modifying the 
aspect-ratio of the elliptical device or when
device. In Fig.1(c) we study the frequency
for two elliptical sections, 250x150
with a thickness of 5nm, and
diameter). Actually, there are no evident differences in the 
different cases. Nevertheless, 
circular device show jumps of the sense of rotation of the 
vortex dipole. CCW rotation corresponds to a vortex with
positive polarity and an antivortex with negative polarity 
2(a)), viceversa for the clockwise
These jumps disappear by slightly increasing the current over 
the range illustrated in Fig. 1(c). 
behavior, that was not found out in the
devices, has to be found in the symmetry of the circular 
device. In this case, in fact, the
that breaks the symmetry, namely
introduces an energetic gap between the two states (
schematics of Fig. 2(c)). Nonetheless, this gap is usually small 
and each state can jump to the other,
the reflection of spin waves
increase of the current enlarges th
a stable state, CCW or CW 
further confirmation of this aspect was obtained by removing 
the Oersted field contribution. In this case, in fact, it is not 
possible to observe any ordered rotation of the vortex dipole, 
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Fig. 2.  Magnetization configuration in the circular device (250x250 nm
with (a) counterclockwise and (b) clockwise rotation of the vortex dipole. (c) 
Schematics for the different energetic levels of the two senses of rotation. 
depends on the Oersted field only in the case of circular device.
 
 
ii) Vortex dipole translation 
Vortex dipole translation in the direction perpendicular to 
the line connecting the vortex antivortex 
in the first topological studies of vortex dipoles [
also found this behavior in our micromagnetic study in the 
case of rectangular devices with dimensions 250x150
The vortex dipole is characterized by the same polarity of 
vortex and antivortex and it translates in a complicated way 
(see Fig. 3), changing its translation direction due to the 
deformation of the dipole because of the magnetostatic 
interaction. It has to be considered that the topological models 
[22] are constructed for infinite medium where the translation 
of the rigid dipole along its axis perpendicular direction is to 
expect.  
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Fig. 3.  Configuration of the magnetization in different time instants
case of vortex dipole translation in 
nm2 (a zoomed-in area of the device is shown).
the contact area. 
 
iii) Vortex quadrupole rotation
A completely different new topological structure is found 
when increasing the rectangular area but with the same aspect 
ratio, that is for dimensions 500x300
a vortex quadrupole stable rotation is found. Vortex 
quadrupoles were previously reported as intermediate states in 
large samples dynamics [16
pairs annihilated for leading to a final vortex state or vortex 
dipole state. Here, we report a stable oscillation of a vortex 
quadrupole, in the stationary rotational state, 
vortices have the same polarity (+1) and the two 
have also the same polarity (-
this stationary rotational state, vortex and antivortex pairs are 
created and expelled from the rotation area till the symmetric 
quadrupole is formed and stabilized. 
The frequency of this quadrupole rotation can be tuned by 
either current and external field applied as shown in Fig. 
Since no topological model is at han
can just make some conjectures based on the vortex dipole 
models. The decreasing of the frequency with current could be 
explained like in the dipole, an increase of current leads to an 
increase of the quadrupole size and the corres
decrease in frequency. The increasing of the external field 
implies that most of the magnetization tends to align in the 
direction of that field, leading to a decrease of the quadrupole 
size which feels itself contracted. This implies an increase o
frequency rotation. 
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Fig. 4.  The case of a rotating quadrupole in the rectangular section 
500x300 nm2. (a) Trend of frequency for values of applied field of
mT, 100 mT and 125 mT. (b,c,d) Configuration 
different time instants (a zoomed-in area of the device is shown)
solid lines represent the contact area. 
 
IV. CONCLUSIONS 
We have studied the vortex based soliton
different kinds of point-contact SVs. Depending on the shape 
and the size of the SV, we have achieved different 
configurations where the soliton mode is char
rotating or translating vortex-antivortex pair, or a stable 
rotating quadripole composed by two vortex
The kind of dynamics depends also on the relative polarity of 
the vortex and the antivortex: when the polarities are opp
the pairs rotates, whereas, in the case of parallel polarities, 
they translate. Those results open new 
dynamical soliton studies. 
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